INTRODUCTION
One of the most intriguing aspects of molecular evolution is the multiplicity of isoforms produced by genes (Roberts and Smith, 2002) , the functional significance of which still largerly escapes our understanding. Gene diversification has clearly relied in two mechanisms, either entire genes (or even chromosome fragments) are duplicated generating a gene family, or specific exons are duplicated along with the capacity for generating alternatively spliced transcripts. Many studies have compared the evolutionary advantages of each process (Lynch and Conery, 2000 , Ohta, 2000 , Lynch, 2002 . Exon duplication events seem to be preferred if the result increases the variability of only small domains in a protein (Abi Rached, McDermott and Pontarotti, 1999) .
Particularly relevant are the cases where groups of proteins interact to form high supramolecular complex structures, especially if the physiological effects of isoforms are well characterized. Our group has been studying these gene evolution processes in troponin, a thin filament complex, by focusing on one of the most diversified branches of life, the insects. The troponin complex comprises three subunits, namely troponin C (TpnC), troponin I (TpnI), and troponin T (TpnT), and mediates the thin filament response to calcium when striated muscular contraction is initiated. In mammalian systems, extensive studies (Filatov et al., 1999 , Gordon, Homsher and Regnier, 2000 , Gordon, Regnier and Homsher, 2001 ) have addressed the structure-function relationships between the Tpn complex subunits. As a consequence of Ca 2+ binding to TpnC, this polypeptide undergoes a conformational change, altering its interaction with TpnI, releasing the inhibitory TpnI-actin binding and allowing movements of the troponin-trpomyosin complex on the F-actin that increases myosin binding to actin and thus promoting contraction.
The gene numbers for each troponin constituent vary among the metazoa. While only one copy each of TpnT and TpnI genes occur in insects, up to three copies are found in
vertebrates. There are only two TpnC genes in mammals (encoding cardiac and striated
Co-evolution of insect Troponin Complex genes isoforms), but five to six troponin C genes have been found in holometabolous insects (Herranz, Mateos and Marco, 2005) . Nevertheless, each troponin subunit exists in multiple isoforms. The single Drosophila troponin I gene has a total of 13 exons, and up to ten different TpnI isoforms are produced by alternative splicing processes of some exons (Barbas et al., 1991 , Beall and Fyrberg, 1991 , Barbas et al., 1993 . Variability regions are localized at specific points across the protein encoded by the alternative exons 3 and 9 and by four mutually exclusive exon 6s. The Troponin T gene in both Drosophila melanogaster and Drosophila virilis was described as containing a set of 11 exons and up to four alternatively splicing isoforms, generated by the inclusion or exclusion of exons 3, 4 and 5 (Benoist et al., 1998, Mas, Garcia-Zaragoza and Cervera, 2004) . No splicing variants affecting the C t half of the protein were described.
Muscle structure in protostomes is much more diverse than in deuterostomes. For example, holometabolous insects have two different musculatures, the larval one formed during embryogenesis, and the adult one formed during the pupal metamorphosis, when the muscles responsible for flight develop in the adult thorax. These muscles are the indirect flight muscles (IFM), responsible for wing beating, and the tergal depressor of the trochanter (TDT) muscle, responsible for the jump at take-off of the fly. Stretch activation is an important property of IFM in many insects. Its direct consequence is that their oscillatory contractions are asynchronous, meaning that the nervous impulses received by the fibers are more irregular and less frequent than the contractions themselves. Specific protein variants are expressed in these muscles, sometimes encoded by different genes, as for example actin (Lovato et al., 2001) or troponin C (Qiu et al., 2003 , Herranz et al., 2004 , but more usually as the result of differential splicing of transcripts from a single gene. In addition, other musclespecific components, such as arthrin and troponin H, are thin filament proteins exclusively expressed in the IFMs. Arthrin is an ubiquitinated actin independently acquired in several insects orders (Schmitz et al., 2003) . Troponin H (Bullard et al., 1988) , a high molecular Co-evolution of insect Troponin Complex genes weight component of Lethocerus flight muscles, was identified as similar to the heavy tropomyosin isoforms expressed in Drosophila IFM (Karlik and Fyrberg, 1986, Hanke and Storti, 1988) . Troponin H and heavy tropomyosin (TmH, Mateos et al., submitted) contain alanine/proline-rich extensions in the C t of the proteins.
In the present work we describe how TpnI and TpnT isoforms have co-evolved in insects. Our purpose in undertaking a systematic study of the insect troponin genes is to understand the co-evolutionary mechanisms that led to functional divergence of isoform variation generated by the differential expression of the troponin complex genes. The specific repertoire of troponin isoforms expressed in distinct muscle types or stages of development has been established. In particular we have analyzed the TpnI and TpnT of four drosophilidae species (D. melanogaster, subobscura, pseudoobscura and virilis) whose evolution diverged during the last 60 MY, as well as in Anopheles gambiae and Apis mellifera that diverged from the drosophilidae around 250 and 300 MY ago respectively (Powell, 1997 , Dudley, 2000 , Gaunt and Miles, 2002 .
With these objectives, our studies have allowed us to identify previously undescribed features of the troponins T and I in insects. We have identified a new mutually excluding exon (10A) for the troponin T gene that produces an IFM/TDT differentially expressed isoform, adding a new variability region near the 3' end of the gene. We have refined the information on the TpnI expression patterns identifying TpnI exon 9 as more specific than originally described, and as the functional partner of the TpnT exon 10A isoform in the IFM. In contrast to the situation in Diptera, in Apis the alanine/proline-rich extensions does not occur attached to the Tm gene but are encoded in the TpnI gene, as three APPAEGA-rich 3´ exons, H1, H2
and H3. melanogaster around 12 and 50 millions of years ago (Powell, 1997, Gaunt and Miles, 2002 Dissections were done in cold acetone at -70ºC. RNA extractions were made using TRIZOL Reagent® (Gibco). The same procedure was carried out with A. mellifera (two different larval and two pupal stages, as well as recently emerged and mature honey bees, that were dissected to separate heads, thoraces and abdomens). Specific muscles, IFM or TDT, were recovered from animals pre-treated for at least 1 week in dehydrating acetone solution at -20ºC which facilitates the fibre isolation. Genomic DNA was extracted using a Tris-HCl 10mM pH 7 homogenising solution containing 0.5% SDS and NaCl 60mM, followed by a standard phenol-based purification (Sambrook, Fritsch and Maniatis, 1989 Cloning and Sequencing-Standard commercial protocols were followed for DNA extraction (Concert Rapid Gel Extraction® Gibco), ligations (pGEM-T® Promega), E. coli transformations (DH5α strain) and plasmid purification (Wizard Plus SV minipreps® Promega) sometimes followed by a phenol based concentration step (Sambrook, Fritsch and Maniatis, 1989) . Standard probes included in pGEM-T easy plasmid (SP6 and T7)
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were used for sequencing reactions in an automatic sequencer. All the detected RT-PCR products were sequenced in this way using internal oligonucleotides when necessary. with 1000 bootstraps (Thompson, Higgins and Gibson, 1994) ). Tree output was rendered with TreeView® v1.6.6 (Page, 1996) . Branches with bootstrap values below 70% have been collapsed. 2D structure predictions were obtained from the ExPASy web server using the PSIPRED method (Jones, 1999, McGuffin, Bryson and Jones, 2000 
RESULTS

Conservation of orthologous TpnI and TpnT gene structures in insects
We have used the previously reported D. melanogaster TpnT and TpnI gene sequences (Barbas et al., 1993 , Benoist et al., 1998 to find putative orthologues in the Anopheles and Apis genomes. The structural organization of these genes has been preserved to a high degree in insects ( Figure 1 ). In general, we observe an increase in gene size, mainly due to intron length expansion from the smallest genome -178 MB in D. melanogaster TpnT gene is located cytologically on chromosome arm 2R, while TpnI remains to be localized (Mongin et al., 2004) .
We have cloned and sequenced the transcripts of these genes in the drosophilid species and Apis, paying especial attention to the alternatively spliced exons. In the case of troponin T, the differentially spliced N t exons are present in all the analyzed species, although in Apis the TpnT gene shows an additional alternatively spliced exon, named 5´. The Apis equivalent to the dipteran exon 6 is divided into five constitutive exons (a,b,c,d,e et al, 1998) .
The constitutive exons and exon 9 of TpnI gene are present in all analysed insects (Figure 1 ), but exon 3 is not, to the extent that the Drosophila orthologous exons 2 and 4 are fused in a unique exon in Anopheles, but not in Apis where a smaller exon 3 is found.
Troponin I main variability arises from mutually exclusive exons 6. In the case of Anopheles we detected three exon 6 variants by sequence homology, while four were detected in Apis.
Interestingly, additional exons, that we have designated H1, H2 and H3, were found downstream of exon 10 in the Apis TpnI gene, encoding the APPAEGA repetitive sequences (see below).
Sequence variations of the alternatively spliced exons in TpnT and TpnI genes
Amino acid sequences from TpnT and TpnI constitutive exons are conserved almost perfectly in insects. As shown in figure 2A , even the sequences of the alternatively spliced exons (3, 4 and 5) from TpnT are well conserved among the drosophilidae. Exon 3 and 4 are also conserved in Anopheles gambiae and Apis mellifera while a higher degree of variation is found in exon 5, reflecting the evolutionary distance between these insects. In this region the Apis TpnT gene has an additional alternatively spliced exon. Exons 3 and 4 are clearly conserved, but exons 5, 5´ and the constitutive exon 6a have very different sequences, being more similar to sequences in the orthopteran Periplaneta (Wolf, 1999) and the odonate Libellula TpnT exons (Fitzhugh and Marden, 1997 , Marden et al., 1999 , Marden et al., 2001 despite the much larger evolutionary distance of these species from holometabolous insects.
The sequences of the mutually exclusive TpnT exons 10A and 10B (figure 2B) are also well preserved among drosophilidae. Larger differences are found in Anopheles and Apis.
Co-evolution of insect Troponin Complex genes
Non-equivalent variations in exon 10A are equally distributed throughout the exon, but less so in exon 10B. Interestingly, a higher number of threonine residues appear in insect exon 10A than in exon 10B, but only the exon 10A last threonine is conserved in all the insects analyzed. Drosophila TpnT isoforms are readily phosphorylated in vivo (Domingo et al., 1998) , precisely in the exon 10A encoded sequence (Nongthomba et al., submitted) .
With regard to the TpnI genes, constitutive exons are almost strictly conserved and the sequence of alternative exons 9 and 10 (figure 2C) reflect a similar situation to that of TpnT exons 10A and 10B. Even though we know that the alternatively spliced sequences are short, phylogenetic trees based on the comparison among the sequences encoded by these exons can be constructed. Although this information is not sufficient to establish the evolutionary origin of these exons, it can be used to detect how they have been changing in different insect groups when the data of all exons are analyzed together. In both Tpn genes, one of the duplicated exons (TpnT exon 10A and TpnI exon 9) appears to be less conserved than the other (TpnT Furthermore, only a single exon 9/10 has been found in the arachnid Haemaphysalis longicornis TpnI gene (You et al., 2001) . Interestingly, TpnI exon 9 in the drosophilidae does not contain a complete stop codon, which is formed by the splicing of its last nucleotide with the two first bases of exon 10 (Barbas et al, 1993 ). This feature is not observed in Anopheles or Apis, where stop codons and 3' untranslated regions are found both in exons 9 and 10.
The TpnI mutually exclusive exon 6 sequences have also been analysed. In a consensus phylogenetic tree based on exon 6 nucleotide sequences ( Figure 3A ), the low bootstrap values at the base of the insect tree, suggest an ancient origin for these duplication These exons can be spliced together to produce an Apis specific TpnI isoform containing a C t extension encoding a repetitive APPAEGA sequence, through a new GT splicing donor site in exon 10, located 25 bp before the stop codon. This extension is clearly similar to the alanine/proline-rich extension of the large molecular weight IFM-specific tropomyosin in the Diptera, both in sequence and protein length (figure 4B). Interestingly, the Apis tropomyosin TM1 gene lacks this type of sequence (Mateos et al, submitted) . A similar repetitive alanine/proline extension is found at the 3´ end of a TpnI gene transcript from the hemipteran Lethocerus (Qiu et al, 2003 and sequence AJ621044).
Expression pattern of TpnI and TpnT genes are conserved in drosophilidae
The expression profiles of TpnI and TpnT isoforms in D. subobscura and D. virilis were detected using RT-PCR techniques (unpublished data). All the transcripts previously identified in D. melanogaster (Barbas et al., 1993 , Benoist et al., 1998 were detected in the Co-evolution of insect Troponin Complex genes second instar larvae and late pupae stages of these drosophilids. Combinations of the troponin T alternative exons 3, 4 and 5 appeared in larvae or in adult abdominal muscles transcripts in patterns characteristic for each muscle. The major transcripts of the adult thoracic muscles do not contain any of these alternative exons. Troponin I exon 9 inclusion is found exclusively in transcripts of the adult musculature, being accompanied by exon 3 in the major thoracic transcript. The four exon 6 types were detected at varying levels in all the tissues studied, those containing exon 6b1 being the more highly expressed in IFM (Barbas et al., 1993) .
The discovery of the new TpnT exon 10A led to a study of its expression pattern. A single probe for constitutive exon 6 and four specific probes for exons 10A or 10B ( figure   5A ) were used for RT-PCR. In embryos, only the 10B exon containing transcript was detected, while in whole adult RNAs transcripts containing either 10A or 10B appear.
Detection of exon 10A was particularly strong in the thorax, suggesting a specific role of the sequence encoded by this exon in the flight related musculature (data not shown). Exon 10A and 10B specific probes detected, by RT-PCR, the classic 10B exon in the head, abdomen and dissected TDT fibres (figure 5B). Exon 10A expression was found almost exclusively in the RT-PCR product from RNA extracted from IFM and TDT fibres although some residual expression was also detected in abdomens. Consequently, IFM TpnT contains sequences encoded only by exon 10A, while TDT muscles contain a mixture of transcripts with exon 10A or 10B. The same thoracic enrichment of exon 10A transcripts was obtained in
D. subobscura and D. virilis.
TpnI alternatively spliced exons were detected using several probe combinations.
Exon 9 is present in TDT and IFM transcripts ( Figure 5C ), but while in IFMs it is the only one expressed, in TDT it is almost completely replaced by the exon 10 containing transcripts.
Using probes for the complete coding region (exon 2 to exon 9/10) in the adult body parts showed that the alternatively spliced exon 3 is expressed in both TDT/IFM muscles, but is only present in transcripts that also incorporate exon 9 ( Figure 5D ).
Co-evolution of insect Troponin Complex genes
Expression profile of the TpnT and TpnI genes in Apis mellifera
The same procedure has been carried out with the honey bee to discover if the same patterns of isoform abundance occur. The expression profile of the TpnT transcripts during
Apis mellifera development ( Figure 6A ) shows that larval muscles contain a mixture of transcripts with alternative exons 3, 4 and 5´ or exons 3 and 4. The IFM contain an isoform encoded by a transcript lacking all the 5´ region alternatively spliced exons. Other adult muscles contain a mixture of transcripts containing the exons 3, 4, 5 and 5´ or 3, 4 and 5. In relation to the 3´ half of the genes, exon 10B containing transcripts were found in all muscles except in IFM, where it is only marginally detected (DV-IFM) or not at all (DL-IFM). Exon 10A containing transcripts are adult thorax-specific, similar to the drosophilid results (see above).
The TpnI expression pattern detected using RT-PCR is shown in Figure 6B . Probes for the region between exon 4 and 9 or exon 4 and 10 revealed that transcripts containing exon 9
or exon 10 are detected in the different developmental stages and in all muscles of the adult Apis musculature. Despite inherent limitations to these PCR experiments, exon 9 containing transcripts seem to appear later than those containing exon 10. Using probes for each specific exon 6 and exon 8 in an inner PCR of the previous amplified products, the four exon 6s in both exon 9 and exon 10 containing transcripts were detected. Although quantitative PCR was not carried out, the results indicate that maximum expression levels of exons 6a and 10 occurs during larval stages, while those of 6b and 9 exons occur in adults.
Finally, RT-PCR using probes designed to amplify the region between exon 4 and exon H1 of the Apis TpnI gene showed, as expected, that a heavy Apis TpnI (troponin H) is expressed exclusively in the IFM ( Figure 6B ). This band was cloned and tested for its exon 6 content, using an exon 8 probe in combination with a specific probe for each one of the four exon 6. Sequencing of fourteen clones confirmed that seven clones contained exon 6b1 and Co-evolution of insect Troponin Complex genes the other seven clones contained exon 6b2. In addition, these TpnH transcripts include a shorter spliced version of exon 10 that could not be detected in earlier RT PCR assays using the exon 10 probe. In order to locate the 3´ ends of the TpnI transcripts we have performed RACE experiments with three representative Apis RNA fractions ( Figure 6C ). We found up to eight different transcript ends for the TpnI gene, but only three major ones occur in mRNA from the thoracic muscles and IFM samples. Two of them are 3´ to exon 9 and exon 10 respectively, produce the standard TpnI transcripts and are also used in the larval muscles.
The other end incorporates the initial part of exon 10 but extends into exons H1, H2 and H3, producing a TpnH isoform with a long alanine/proline-rich extension. We have also detected a transcript in which exon H1 does not use its acceptor splicing site and this would produce a
TpnH isoform with a shorter alanine/proline-rich extension.
DISCUSSION
It is generally accepted that muscle tissue arose early on in the evolution of bilateria.
Muscle structure and its mechanism of function has been retained relatively unchanged since that time, although individual muscle tissues are fine-tuned to reflect their physiological functions. Since the myofibril comprises a series of supramolecular complexes, studying the evolution of an individual protein must be carried out in the context of the complex in which it is part. We have initiated this analysis by focusing on one of the better characterized substructures, the thin filament, starting with its main regulatory switch, the troponin complex. In this work a comparative approach has been used to expand the description of how troponin genes have evolved in insects to reach their final tissue-specific isoform repertoires.
Similarly evolved Troponin complex isoforms share a similar expression pattern
Comparing gene sequences in the four drosophilid species has made us aware of a new set of isoforms in both Troponin I and T genes and we have established their specific expression in the IFM. Alternative splicing of TpnT exon 10A increases variability at the 3´ end of these transcripts. Interestingly, the existence of two variable regions at both the N t and C t of the proteins, causes that the distribution of variability in insect TpnT and TpnI alternatively spliced regions resembles more closely the situation of the vertebrate genes. Anopheles and two 6a exons in the drosophilidae and Apis, that could have been obtained independently in both insect orders. A different case of coupled evolution affects the TpnI exon 9 and TpnT exon 10A pair so that after appearing, probably at the beginning of the holometabolous insect branching, they became co-expressed in the very specialized IFM. In fact, this pair of exons shows higher sequence variability than its counterpart, the TnI exon 10
and TnT exon 10B pair. This higher variability in IFM expressed isoforms can be related with the strong selection forces under these muscles.
Alternatively spliced exon co-evolution can be linked to the Tpn Complex structure
Following these ideas, our aim was to explore how far a functional basis of this coexpression/co-evolutionary trend could be established. Comparing the secondary structure Co-evolution of insect Troponin Complex genes predictions of the insect and human orthologous troponin proteins led to conclusions that, although the sequence conservation between deuterostomes and protostomes troponins is not very high, the structural predictions are conserved. For example, as can be seen in Figure 7 , the secondary structure predictions of Drosophila IFM TpnI isoform and the human cardiac TpnI are remarkably conserved. This conservation includes the interaction sites of TpnI with TpnC, Tm, TpnT and actin as previously described in mammals (Filatov et al., 1999 , Gordon, Homsher and Regnier, 2000 , Gordon, Regnier and Homsher, 2001 and recently confirmed in a crystal structure of half of a cardiac troponin complex (Takeda et al., 2003) . In particular, the insect TpnI alternative exon 6b2 sequence is equivalent to that of the cardiac TpnI exon interacting with the TpnC N t sequence or actin, depending on the calcium concentration. All this information, together with structural data from vertebrates and from the insect Lethocerus (Wendt, Guenebaut and Leonard, 1997, Wendt and Leonard, 1999 ) leads to a model for the troponin complex interactions in Drosophila that takes into account possible effects of isoform variability. Complex integrity may be stabilized by the interaction of the TpnI and TpnT variable C t regions (exon 9/10 and exon 10A/10B respectively), and TpnI N t region with the globular C t domain of TpnC. TpnT interacts with Tm mainly through its central domains, but its C t polyglutamic tail and its N t variability region (also polyglutamic rich) probably contribute to stabilize this interaction.
The expression patterns (Table I) (Figures 1 and 4) . We have also found a transcript containing only the first 30% of the alanine/proline-rich extension in the IFM. The presence of these TpnH extended isoforms in the Apis TpnI gene does not affect the standard repertoire of TpnIs, which are similarly processed and expressed as in dipterans.
Asynchrony as a trigger for independent co-evolution of the troponins
The main variability in the isoforms expression and sequences occurs in the asynchronous IFM. Two ideas are generally accepted in relation to these muscles. First, no single biochemical feature is known that completely correlates with the stretch-activation Co-evolution of insect Troponin Complex genes phenomenon that is also observed in skeletal and cardiac muscles of vertebrates (Steiger, 1977) . The phenomenon is much stronger and persistent in insect IFM (Linari et al., 2004) .
Second, the IFM asynchrony has evolved independently several times during insect evolution (Cullen, 1974; Pringle, 1981; Dudley, 2000, Josephson, Malamud and Stokes, 2000) .
Molecular data are no exception. The interspecies independent but intraspecies adapted evolution of both the TpnC genes (Herranz, Mateos and Marco, 2005) and the TpnT and TpnI gene splicing variants could have played important roles in how the indirect flight muscles have achieved their special properties. The possible functional relevance of these alanine/proline-rich extension sequences to the evolution of the strech-activation phenomenon has been discussed elsewhere (Mateos et al., submitted) .
The evolution of supramolecular complexes and the functional role of isoform patterns.
Previously published work has addressed the issue of isoform variability and function in relation to its evolutionary conservation (for example, Robson et al., 2000 , Shagin et al., 2004 ) but, to our knowledge, a comprehensive analysis of the type performed in this article has not been attempted yet. Together, the higher variability of muscle structures in protostomes and the increasing availability of genome information across taxa, opens the way to understanding the independent co-evolution of genes whose proteins are involved in supramolecular complexes. Our approach reveals co-evolutionary trends in components of the complexes sharing tissue expression patterns. The advent of whole genome sequences from further insect species will help in extending and refining our model for the evolution of the and Periplaneta (AF133520) TpnT sequences (obtained from Genbank) retain the same properties although the alternative exon sequences show higher levels of variation. B)
Alignment and phylogenetic tree of the alternative TpnT exon 10 sequences in insects.
Branches with bootstrap values below 70% have been collapsed in this cDNA based tree.
Most changes affect the number of phosphorylable residues, indicated at the right of the alignment, with the exception of the conserved final threonine marked with an asterisk. C)
Alignment and phylogenetic tree of the alternative TpnI exon 9 and 10 sequences in insects.
The Haemaphysalis longicornis TpnI sequence (AB051079), in which exon 9 has not been described, was used as outgroup. or 10B (10B 1 probe) the exon 10 expression pattern is shown. Exon 10B is expressed in all muscles in the adult except in the IFM. Exon 10A is the only one expressed in the IFM, but it is also expressed in the TDT muscles. C) Probes for the 3´-region of the TpnI gene were used in RT-PCRs (Exon 8 to 9 and 8 to 10). Exon 9 uses the first two residues of exon 10 to generate a STOP codon, so the exon 10 probe detects it as a lower band, the transcripts lacking exon 9 and as a higher band, the transcripts containing exon 9. So exon 9 is expressed mainly in IFM and only weakly in TDT muscles. D) Using exon 2 and exon 9 probes for TpnI it can be seen that exon 3 only appears heavily expressed in thoracic muscles including always exon 9. RT negative control lanes are not shown. 
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